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1. Introduction

Aqueous metallic corrosion is a complex process involving a variety of

individual steps in the overall mechanism for a given alloy. The problems

of pitting corrosion, crevice corrosion, stress corrosion cracking (SCC),

and corrosion fatigue (CF) are, to say the least, significantly more 4

complex. If the discussion is extended further to include the action of

substances which either accelerate or inhibit these processes, the

I cplexity of the problems is increased further by orders of magnitude. The

subject of the research program discussed in this Report is an experimental

exploration of the relations between accelerant/inhibitor properties and the

electrochemistry and electrokinetics of corrosion, SCC, and CF in aluminum

alloys.

The Report is divided into the following sections:

(1) Background, a review of relevant theoretical and experimental

research which sets the stage for the approach of this program. This

background is concerned especially with the nature of environmental

chemistry and mechanisms whereby the bulk environment can control corrosion

processes at an active surface, particularly within a pit, crevice, or

crack. Although the focus of this program is on aluminum alloys, it is W--

necessary to include substantial material related to ferrous alloys so that

the questions are delineated clearly.

(2) Experimental, a discussion of work performed in the course of this

program. Subjects that have been explored include:

a) Electrokinetic studies of corrosion in various inhibitive and

accelerant environments;

. .-- -
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b) Systematic evaluation of inhibitor/accelerant substances and

surfactants, via electrokinetic studies and alternate immersion screening

tests. O

c) Fatigue tests in the presence of accelerants and inhibitors,

* intended to develop capability for measuring stress/strain relations in the

vicinity of a CF/SCC crack tip. 4P

d) Fabrication and use of microelectrodes for measuring

electrochemistry within an SCC crack, while external electrochemistry is

controlled by a variety of accelerant/inhibitor chemistry and

electropotential environments. ---.

e) Systematic exploration of the chemistry of known inhibitive systems,

specifically, the oxyanions of nitrogen, and the resultant effects on S

corrosion and SCC/CF.

(3) Discussion of partial results obtained to date.

2..%

Stress corrosion cracking and corrosion fatigue have been the subject

of numerous theoretical and experimental investigations. (1-3) The various

results have suggested a number of models for the processes (4) as well as

practical methods for preventing or controlling SCC and CF damage (3).

The actual mechanisms of corrosion cracking are related to the

* chemistry and physics prevailing at the crack tip, and it is well

4, established that these conditions are different from those of the bulk ".

environment. It also is well established that a variety of chemical *
• .substances (e.g., chloride ion) accelerate the crack propagation rate,

*. whereas other substances (e.g., nitrite and borate ions) inhibit. Thus,

"." -.M'-1. I
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accelerants and Inhibitors are effective via modification of the crack-tip

chemistry. Electrochemical processes at the crack tip will generate or

conu various chemical species, thereby establishing concentration and

electrode-potential gradients between the crack tip and the external
J ' 4

environment These gradients in turn are the driving forces for mass

transport between the crack tip and the bulk environment.,

A variety of theoretical models have been proposed which relate the bulk-

solution properties to conditions at the crack tip based upon potential and ip .
concentration gradients, thus are adaptable to micro-experimental

measurements. There remain major questions, however, concerning the

relations between the external environment (described by chemistry, applied

load, and electrical potentials with respect to other electrodes) and

electrochemical conditions within the crack, particularly at the crack tip.

Although a variety of clever experiments have been devised in efforts to

determine these relations experimentally, few definitive results have been

obtained. A significant barrier to progress has been the obvious

difficulties of performing measurements within the confines of a crack.

In this research program, the problem Is attacked along two paths in an

effort to perform "critical" experiments which can differentiate between

various theoretical models and lead to more practical advances in the

prediction and control of corrosion cracking:

a. Chemistry and physics near a crack tip. Advances in experimental

microchemistry and microphysics have made it possible to measure solution

chemistry (pH, ionic concentrations), corrosion kinetics (via potentiostatic

and galvanostatic methods), as well as stress-strain relations in the metal

over a range of a few micrometers at the crack tip. A variety of

experiments have been performed with good results in this area.
*qo, %
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" b. Systematic variation of the external environmental chemistry via

variation of the physico-chemical characteristics of corrosion accelerants

and inhibitors. Several molecular and ionic properties of such substances W

are of interest with respect to their actions in SCC and CF, e.g.,

molecular/ionic size and geometry, mobility, ionic charge, conductivity, and

oxidation state.

This program empirically compares the electrochemical environment

within a stressed crack and the crack propagation rate with external * -

physicochemical conditions controlled by accelerants/inhibitors. These

accelerants/inhibitors are selected so as to explore systematically their

physical chemistry. Currently, we are studying the nitrogen cxyanion system W

in conjuction with accelerants and surfactants, while repeating a variety of

earlier results reported in the literature in order to clarify certain

questions.

.2.1 Inhibitors

The accelerating/inhibitlrxg effects of various substances on bulk

corrosion rates as well as the rates of SCC and CF have been widely studied.

This Report is concerned specifically with the effects of such substances, O -, i

specifically compounds of nitrogen and boron used together with surfactants,

in the corrosion processes of aluminum alloys. The following discussion

review the effects of such substances on corrosion processes in general

and, specifically, aluminum alloys.

Accelerant/inhibitive actions of various substances have been

summarized by Schrier (6). Of specific concern to this study are the

oxyanions of nitrogen, related nitrogen compounds (amines, ammonia), and
OF'

* ., - ,

, • * .~ * ~ . . ..- *- .X , , 2 ".. - -,,. . . . "- - _ ".-- , .,"a .L - .- -
-
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oxyanions from nearby elements In the periodic table, especially boron.

Specific oxyanions of nitrogen include the nitrite ion, NO2 , and the nitrate .-..

ion, NO3 , both of which have been studied extensively. There are several

other oxyanions in the system which are of considerable interest, but their

* study in corrosion requires more chemical sophistication than has been used w

with NO and NO3 . These oxyanions will be discussed in a later section.
2 3

Cohen (7) notes that inorganic anodic inhibitors usually are either

oxidizing anions (e.g., nitrite or chromate) or buffering agents (e.g.,

borate or phosphate). Oxidizing anions are effective in the absence of

oxygen, but the effective concentration is lor in the presence of oxygen.

Nitrite reacts at a metal surface to form a protective oxide film, and

reduction products extend as far as ammonia. Buffering agents require the

presence of oxygen and must be used at higher (ca two orders of magnitude)

concentration than nitrite. Cohen (8) earlier had found that weight loss

decreased as both concentration of nitrite and oxygen increased. At

intermediate concentrations, pitting was observed. During the

reaction/exposure of nitrite solution to the specimen, the nitrite ion

c[ concentration was found to decrease.

Cohen suggests that a surface film is formed by adsorption of nitrite on the

C- metal surface, followed by a reaction to form oxide and ammonia. The same A

adsorption-reaction mechanism was proposed for other oxidizing inhibitors,

e.g., chrmnate and molybdate. Although nonoxidizing inhibitors, require the

c presence of oxygen, in the presence of oxygen, a much higher concentration o .

of nonoxidizing oxyanion is required to inhibit corrosion.

. . o.. ..

- . . . -.. .. . .° .-
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Rozenfeld (9, 10) has reviewed the effects of nitrite, nitrate, and

other simple nitrogen-containing compounds, in both neutral aqueous

solutions and in the presence of accelerants, specifically chloride and *1

sulfate ions. The inhibiting properites of sodium nitrite depend on the

concentration of accelerant ions in the electrolyte. In solutions

containing sodium chloride and sodium sulfate, sodium nitrite accelerates

corrosion up to ca. 0.08 g/l concentration, but, at higher concentrations,

it exerts a strongly inhibitive effect, having maximum effect at 0.2 g/l

concentration, (2 wt%). Rozenfeld suggests that sodium nitrite diverts a 0

larger part of the surface from the anodic reaction and hence shifts the

potential more strongly toward positive values than other inhibitors. The

corrosion-intensifying mechanism involving low concentrations of sodium •

nitrite is the same as observed for other anodic inhibitors. In the absence

of accelerant ions (distilled water), the protective concentration of sodium

nitrite is between 10 - 5 and 10 - 4  ol/- or ca 6.9 x - 4 wt .

Wen accelerant ions are present, the logarithm of the protective

concentrations of sodium nitrite is linear with respect to the concentration .

of accelerant ions. The protective properties of nitrite are suppressed

most strongly by sulfate ions and less strongly by nitrate ions. Therefore,

for the same concentration of the accelerant ion, a higher sodium-nitrite

concentration is needed in the presence of sulfate than in the presence of

nitrate. To suppress corrosion in the presence of chloride, a lowr sodium
.4

nitrite concentration is needed than in the presence of sulfate. As the

-: concentration of accelerant ions increases, the difference between the

effects of sulfate and chloride decreases, while the difference between

*" chloride and nitrate remains. If high concentrations of the ions are .-

. excluded, then, in term of aggressiveness, accelerants are ran-ked sulfate > -

chloride > nitrate.

V 1%
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In the presence of both accelerant and Inhibitive Ions, the passivating .

ion is adsorbed preferentially. Thus, it is harder for the nitrite Ion to

dislodge already adsorbed chloride Ions from the electrode surface than not

to allow it to be adsorbed. When various aggressive ions, e.g. chlorides

and sulfates, are in the electrolyte, protection is achieved at a sodium

nitrite concentration that is generally higher than the total concentration

of accelerant ions. Corrosion occurs when the ratio of inhibitor

concentration to total accelerant-ion concentration is less than one.

Sodium nitrite also is more effective in suppressing the accelerant

properties of chlorides than are benzoate and chromate. In the presence of

sulfates, nitrite is about as effective as chromate. With respect to

nitrate ions the effectiveness of the different inhibitors decreases in the

following order: chromate > benzoate > nitrite. Other compounds containing

0 the NO2 group and used as corrosion inhibitors include dicyclohexylamine

nitrite (DAN) and salts of nitrobenzoic acids (nitrobenzoates). Also

according to Rozenfeld and Marshakov (11), that concentration of inhibitors

required to inhibit crevice corrosion is much higher than for general

corrosion.

Oxyanions of various elements (e.g., chromium, molybdenum) are

corrosion inhibitors for ferrous alloys in neutral aqueous solutions;

acidified, they become cathodic depolarizers as ill as influence the anodic

ionization of iron, as discussed by Mikhaovskii, Popova, and Sokolova (12).

Inhibiting properties are attributed either to a capacity to "repair" the

oxide film formed on the metal in an electrolyte, or to adsorption of the

oxyanicn, resulting in a change in structure of the metal-electrolyte

boundary. The influence of oxidizing agents usually is attributed to their

M
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enhanced adsorption capacity which favors formation of surface complexes

' hwhich retard the anodic ionization of the metal.

Marshall (13) found that a combination of nitrite with N, N-di-

(phosphonamethyl) methylamine ws an effective inhibitor system for ferrous

alloys, comparable with nitrite alone, but it formed a passive film less

.- susceptible to pitting. Ledovskikh (14) also has reported that combinations

of NaNO2 with various organic amines inhibit the corrosion of steel in 0.1

wt% NaC, and finds further that this protective effect correlates well with

'  physicochemical parameters of the amines (e.g., electron density at the

nitrogen atom, ionization constant, ard the Hanmett and Taft constants of

the organic radical). .

McCafferty (15) classes inhibitors as (a) absorption (chemisorption),

(b) film-forming/passivating, and (c) precipitation. Crevice corrosion of

iron accelerated by chloride and inhibited by chromate has been discussed

further by Mcafferty (16), finding that the process can be inhibited

successfully at chloride concentrations up to 0.6 m/l (3.5 wt.%). Tbe

logarithm of each ion's activities are linearly related at the minimum

chromate activity necessary to inhibit crevice corrosion. McdCafferty

explained this on the basis of capetitive adsorption between the

aggressive and inhibitive ions, each of which adsorbs according to a Temkin

isotherm. Steady-state electrode potentials of crevice-corroding iron were
It

found to be -620 to -660 mV vs. Ag/AgCl reference electrode, and independent

of bulk solution composition.

The steps by which aggressive ions act on Al have been suggested by

Samuels, Sotoudeh, and Foley (17) to be:

4

9'. ° . ° °°

. . . . . . . . . . . . . .. . . . . . . .
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1) Adsorption of Cl on Al 0 surface;2 3

+32) complexing of Al in the oxide lattice with the halide ion to form 'S

soluble AlCl 4

3) diffusion in solution of AICI thus thinning the oxide layer; and
4#

4) when Al 203 has been 7emoved, the Al reacts directly with the

electrolyte.

Inhibitors may be active in either of the first t1 steps:

- competing for adsorption sites, hence retarding formation of soluble

species;

- competing the reaction in Al +3 + 4C1 = AlCl to prevent its4

formation; hence the competirg ion must form an insoluble ccplex.

Samuels, Sotoudeh, and Foley also tested a variety of inhibitors,

including chromate, and nitrate, and found that nitrate was effective "-

in high concentrations. Certain concentrations, however, as well as

certain Cl/NO3 ratios, accelerate corrosion. Sulfate inhibits aluminum

corrosion, but not as effectively as chromate. -

Aqueous corrosion studies of mild steel by Robitaille (18) show that

the inhibitive effects of sodium molybdate and sodium nitrite (ratio 30/20),

are significantly larger than for either inhibitor alone. Surfactant

additions (1-hydroxyethylidene-l, 1-diphosphonic acid, or 2-

mercaptobenzothiazole) resulted in only minor effects.

......... °. .-. .
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From SCC studies Le, Brown, and Foley (19) showed that the nitrate ion

is reduced by AA 7075 to ammonia. Foley and Nguyen (20) have written the
overall reaction of A2 with H20 as

A 2 + 3H20 Al(OH)3 + 3/2H2,
.1.

and the process involves:

+3
Al =Al + 3e

Al + H0 =4 + + AIOH,+ 2 etc. 4

The formation of an uncharged, stable, basic salt in a deep energy

valley will prevent the reaction fran progressing along the reaction

coordinate. In the case of Cl as well as SO (and possibly chromates and

other oxyanions), initial formation of the complex species is rapid.

Sulfates (and other inhibitive oxyanions) produced lie at a low energy level

resisting forard movement along the reaction coordinate. Thus, in all

corrosion reactions such as pitting and stress corrosion, chloride is

aggressive, but SO4  is not. They have analyzed these reactions with

respect to free energy and probable reaction coordinates, as well as

reactions involving sulfate ion.

Berdzenishvili, Strekalov, and Mikhailovskii (21) have studied the

initial stages of aluminum corrosion in acidified sulfate solutions

containing the oxyanions of tungsten, chromium, molybdenum, vanadium, and ..

manganese. Corrosion inhibition was explained by the formation on the *
aluminum surface of a film of oxides of the foreign metals, as well as by

the inhibiting role of hydroxyl ions in the near-surface layer of the

electrolyte formed during cathodic reduction of the oxyanion. Thus, the

"......."- .-. " .* "- " ' "' "'- . : .-* :"'"_._._ ..i.. ".. _ ,".. - .-- ' .-'.- ,.-
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processes clearly implicated in the mechanism are: oxidation state of the

central atom in the oxyanion; physical chemistry of the reduction reaction

in the surface layer; and adsorption of the reductant on the surface.

Stolz and Pelloux (22) have performed aqueous fatigue tests of 7075

aluminum with sodium chloride as accelerant and sodium nitrate as inhibitor, F_

as well as In dry air and dry argon. Highest crack growth rates vs. stress-

intensity-factor-range curves were observed for aqueous sodium chloride (0.2

molal), and lowest for dry argon. Sodium nitrite solutions (1.7 molal)

reduced crack growth curves to values comparable with those in dry air. SEM

studies show that environment has a strong effect on microplastic behavior

at the tip of a fatigue crack. Stolz and Pelloux suggest that nitrate ion

competes with chloride for surface sites; it does not cause metal

dissolution itself, nitrate thus acts to protect a freshly exposed surface

from attack.

Lynch and co-workers (23, 24-27) have conducted a number of studies

aimed at developing practical inhibitor formulations; others have been

motivated (28, 29) to follow similar lines of investigation. Parrish Chen,

and Verink (28) demonstrated that oxidizing inhibitors (hydrazine, sodium

dichrcmate) are effective in increasing KIscc. Seeking more effective

inhibitors, Verink and Das (29) evaluated more than 200 potential

formulations for inhibiting corrosion fatigue. Experiments included

immersion, linear polarization, and corrosion crack growth-rate tests, and

their results showed that piperidine, piperazine, and a proprietary

polyfunctional formulation (Nalco 39L) significantly reduced corrosion

cracking. Using similar methods, Lynch, Vahldiek, Bhansali, and Summitt

(26) showed that non-toxic formulations including sodium nitrite and borax

also are effective.

..................~ ... .... ****-*'.%:::*** -
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Extending the search for practical but nontoxic inhibitive substances,

Khobaib, Quackenbush, and Lynch (24, 25) evaluated a variety of formulations

with surfactant additions. Similar experiments (i.e., immersion,

polarization, crack-growth kinetics) wre performed, sane in specially

constructed environmental chambers. The results showed that combinations of

borax, sodium nitrite and surfactants inhibit both general corrosion and

corrosion fatigue in high-strength aluminum alloys. Although piperazine was

found to inhibit corrosion fatigue, it did not affect general corrosion

rates. In a further study, Khobaib (27) evaluated more than 200 _

formulatiors of organic and inorganic compounds for their inhibiting

efficacy in the presence of urine for use as airplane bilge inhibitors. The

most effective combinations again involved borax, sodium nitrite and a V

variety of surfactants. These effective inhibitor formulations were

developed by systematic exploration of the compositions suggested by Green

and Boies (30).

In sunmmry, the very extensive accelerant/inhibitor suggests that a

variety (perhaps a "spectrum") of physicochemical properties of such

substances may be involved in corrosion processes. Many published studies

contains hints as to which properties may be critical, e.g., ionic charge,

size, mobility, ionization state, adsorption, etc., but nor point to this

conclusion clearly, i.e., systematic exploration of accelerant/inhibitor

chemistry offers the best opportunity for elucidating the crucial properties

in corrosion. The oxyanions of nitrogen, amines, organic nitro compounds,

and other substances, in short the chemistry of nitrogen, comprise an

excellent system for this study. Since the nitrogen oxyanions with a amonia

span the entire nitrogen oxidation state (+5 to -3), w- have begun our

research here.
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2.2 The Cxyanicns of Nitrogen (31)

* The oxyanions of nitrogen are listed in Table 1 together with the

apparent oxidation state of nitrogen and the most likely electronic

structure. Although all of them can form free acids, only nitric acid can

be considered stable in aqueous solution or as the pure acid; all the rest

decantose with varying degrees of violence. All can be prepared as

relatively stable salts, particularly the sodium salt, although the

preparations or the salts themselves are somewhat hazardous. The oxidation

reduction and inhibitive properties of these ions are related their

instability characteristics.

V -

0,."

.'C2.

. ' -- -. . .- - - - -d . . . . . . .
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Table 1. The Oxyanioms of Nitrogen (31)

Apparent

Oxidation Probable

Formula Name State of N Structure

WI

-2 *.

N202  hyponitrite +1 :0N::N.0:i2 2

-2N 20 3nitrohydroxyJlamate +2 '.::N :0: 6
:0:

2 hydronitrite +2
2

-1 ...- ,.

NOn itrite +3 :0: N:0

NO3 nitrate +5 :O:N:O:-.- -.
0: -7

F-- ",

. p.:.xyn.t.ate +5 :O%0: N

-. . . . . .. . . . . . . . . . . . . . . . . . . . . . . . ..-

"64-.

2", .'-to-



2.2.1. Hvpona~trite

* Free hynonitrous acid, H N 0 ,can be prep~ared as white deliquescent

plates; however, it is explosively unstable. Aqueous solutions of the acid

are relatively stable: At pH 1-3 and 250C, the acid has a half-life of ca

16 days, but at pH 4-14, it is quite stable. The acid ionizes as a weak

dibasic acid,

H Q k 1  + Nkhr
H H + +HN0 =2 2H4 hr2 22 2 2 2 2P

k =9 x10 8 and K Ix 10 1 1
1 2

*In higher pH solution, the hydrogen hyponitrite ion is unstable,

HN0 =N0+ OH.
2 2 2

Thus, the characteristics of the hyponitrite ion related to corroslon can be

examined readi-Ly, particularly in mild acid to alkaline solutions.

The metal salt are prepared generally by reduction of the nitrate ion,

ccmmnly by sodium amalgam,

2NANO + 8 Na/Hg + 4 H 0 --- >3 2

NaNO0 + 8NaOH + 8Hg.
22 2



HYponitrites possess both reducing and oxidizing properties as indicated by

the couples

HNO0 2N + 2H + 2e- E =-0.712 volt
2 22 298

H N0 + 2H 0 2HO + 4Hi + 4e- -- 0. 86
2 22 2 2

N + 2H 0 H N0+2 + +2e- =-2.75 volts
2 2 22 2

2NH30H =H2N2O + 6H + 4e- -- 0.44 volts

* in acidic solution, and the couples

N0-2 o e 0 -. 0vl
NO 2 N e E29 8  vl

NO2 +40. -2N0 +2H 0+ 4e- =0.18
2 22 2 2

N + 40H- -2 +2H 0 +2e- =-1.60Ovolts
2 N22 2

-22NHOH + 6H- =5N 20 2+ 6H0 +4e- 0O.73 volt

or



-17-.-'L

in alkaline solution. However, the reducing properties predominate. Strong

oxidizing agents will convert hyponitrites to nitrates.

2.2.2. Nitroxylate and Nitrohydroxylate

Salts of two acids having compositions expressed by the formula NOnH20

have been prepared. The first of these, nitroxylic acid, H2NO2 , also called

hydronitrous acid, is known only in the form of Its sodium salt, Na2NO2 .

This salt is obtained either by the electrolytic reduction of solutions of

sodium nitrite in liquid ammnia, or by the addition of sodium nitrate to

solutions of sodium in liquid anonia until the blue color disappears;

yellowish sodium nitroxylate then precipitates from the liquid ammnonia

solution. On contact with water or moist air, sodium nitroxylate reacts

• explosively with the evolution of hydrogen. This ion, then can not be

studied with respect to aqueous corrosion.

Nitrohydroxylamic acid, H2N203 , also is not known as the free acid, IO

although a number of metal nitrohydroxylamates have been prepared. If a

concentrated absolute ethanol solution of sodium ethylate is mixed with a

saturated alcohol solution of hydroxylammonium chloride in alcohol, sodium

chloride precipitates and can be filtered off, ethyl nitrate then is added

to the filtrate, and a solution of sodium ntrohydryxylamate is obtained.

Men this solution is cooled, solid Na223 separates as a fine powder. The

salt dissolves in water to give alkaline solutions, presumably because HN20"

and H N 0 are weak acids and the N2 0 ion undergoes hydrolysis. If

2-.--.. -*: . . . ..................................
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solutions containing N203 ions are acidified inediate decomposition takes

place: Or

NO 2H0 +  2N" +.3
N20 3 H H20

. When heated, aqueous sodium nitrohydroxylamate decomposes to yield nitrogen

(I) oxide and the nitrite ion. Solutions of nitrohydroxylamates are readily

oxidized even by atmospheric oxygen. Thus, the nitrohydrylamate ion can !.

be studied in alkaline solutions, but with considerable difficulty.

A compound apparently identical to the nitrcxylhydrcxylamate is sodium

-*. alpha-oxyhyponitrite, Na2N2 03 , which has been prepared by the action of

* hydroxylamine and sodium ethoxide in alcoholic solution of ethylnitrate. An

allotropic beta form of the same compound results from the oxidation of S -K

. sodium hyponitrite by liquid N204 . The hyponitrite and alpha-

oxyhyponitrite may be distinguished by the differences in their ultraviolet

* absorption spectrum.

S2.2.3. Hydronitrite (32)

The sodium salt of this acid is prepared in a manner similar to that for

sodium hydronitrate, except sodium nitrite is used instead of sodium 4 F
nitrate. A solution of sodium nitrite in liquid ammonia is added to a

+'. liquid ammonia solution of sodium until the blue color disappears. An

intense yellow flocculant precipitate forms, having the formula Na2NO2  The •

alkaline-hydronitrite is extraordinarily reactive; air, moisture, and carbon

I --. -- - --. - - -',,- . . -. ,.,-,-. -.,- 4 .;, ,',-.-,.,.+. > ..:+
-I -_" ._._ ...._ -. ".--. ..-_ -+,: **. -.. . . . . . . ..
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dioxide react violently with it, and even a small mass often produces a

powerful explosion. Clearly the hydronitrite can not be studied.

Nitric amide, NO2NH2 , has the same formula as hydronitrous acid, but a-\..

different structure. It also is unstable (33), however, and would not be of

immediate interest.

2.2.4. Nitrite

Sodium nitrite is a readily available laboratory reagent. Nitrous acid

and the nitrites are most commonly employed as oxidizing agents, although

strong oxidants (e.g., electric current, MWO2, and Cl2 ) convert nitrous acid

to nitric acid, and even weak oxidants (e.g., 0 convert nitrous to nitric

* acid in alkaline solution. Important couples describing these behaviors are

N20 + 3H20 2HNO + 4H+ + 4e- E9= -1.29 volts
2 2 2 298

NO + H20 M + + e- 0.99 volt
2 2

HNO + H0 NO + 3H+ + 2e- --0.94

2 2 3

in acidic solutions, and

N + 60H- 2NO- + 3H0 + 4e- E = -0.15 volt
20 2- 2 298
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NO + 20H- NO + H20 + e 0.462 2

NO + 20 H NO +H + 2e =-0.01
2 3 2

in alkaline solutions. The greater oxidizing strength in acidic solutions

is apparent. The complete behavior of nitrous acid in the presence of

reducing agents is not clear in terms of these couples alone, since other

reduction products may result, depending upon the reducing agent employed,

pH, and temperature.

2.2.5. Nitrate

Sodium nitrate is readily available, and its properties are well known

(31). The data in Table 2 show the wide variety of reduction reactions

available and their relations to other nitrogen oxyanions and compounds.

Also sham are stepwise reduction processes of nitrogen (V) to nitrogen *
(III). The effect of acid media on the oxidizing power of nitrate is

clearly evident.

2.2.6. Peroxynitrate

Peroxynitric acid is formed from the reaction of hydrogen peroxide with

* dinitrogen pentoxide,

NOM +H HNO+N205 + H202 3 4"

or
. . ... -
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The sodium salt can be prepared. The oxidation state of nitrogen in the

per oynitrate ion is +5, the same as in the nitrate ion, and the ion

configuration differs only in the presence of an extra oxygen atom (Table * .

1). Preparation of sodium peroxyonitrate is considerably more hazardous

than for any other salts, although two of the other salts themselves are b.c

more hazardous to handle.

As a result of these considerations, the first nitrogen oxyanion that

is under study in this program is hyponitrite. Simultaneously, the •

* characteristics of nitrite, nitrate, and ammonia, alone and in combination

". with other inhibitors (e.g., chloride), and surfactants are being examined.

2.3. Inhibitors/Accelerants used in this Program.

As noted, a variety of inhibitor/accelerant and surfactant substances 0 I
are under study. These include (a) ordinary reagent-grade chemicals, e.g.,

NaCI, NaNO2, NaNO3, and NH4OH, (b) cminercial and reagent-grade surfactants,2 3' 4

(c) the Lynch formulation mentioned in Section 2.1, and (d) other compounds

of nitrogen, specifically sodium hyponitrite. The Lynch formulation [item

(c)] is listed in Table 3. Preparation of sodium hyponitrite is described

briefly in Section 2.3.1. Procedures for determining aqueous concentrations

of the most significant ions, before and after corrosion tests, are

described in Section 2.3.2. Section 2.3.3. discusses briefly our initial

evaluations of various surfactants.

oir-



Table 3. Multifunctional Inhibitor Formulation (27)

* Recommiended

Formula Weight aqueous wt %6

Borax Na B 10H 0 381.37 0.352B47 2

Sodium Nitrate NANO3  84.80 0.1

Sodium Nitrite NaO69.00 0.05
2t

Sodium Metasilicate Na Si0 3 5H 0 212.74 0.01

* Pentahydrate

Sodium Hexameta (NAPO Na 0 0.002

* Phosphate

MBT, Mercapto- 167.25 0.001

C benzothiazole___ 1

Total 0.513 wt96

2.3.1. Soiu Hyo rite Peparation.

Sodium hyponitrite was prepared by aqueous reduction of sodium nitrate

Cwith sodium amalgam. Sodium amalgam (ca. 2 wt%) was prepared by adding

*liquid mercury to warmed sodium metal under a nitrogen atmosphere (34), then

stored in a nitrogen-filled desiccator. Reduction of ice-chilled 4-molar
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aqueous sodium nitrate to produce sodium hyponitrite was achieved by adding

sodium amalgam to the solution under nitrogen (33). Crystalline

Na2 N 20 29H20 precipitates when the filtrate is placed in a vacunm desiccator

over sulfuric acid. The filtered precipitate is washed with ethanol to

remove NaOH, then stored in a desiccator.

2.3.2 Determining Aqueous Concentrations of Nitrogen Oxyanions.

The accelerant/inhibitive effects of the various nitrogen oxyanions as

well as anticipated decomposition of some ions will result in mixed

solutions of various anions. It is essential that these solutions be

analyzed before, during, and after corrosion tests. Colorimetric analytical

methods are readily available (35), and spectrophotometric methods can be

*" used to determine hyponitrite and alpha-oxyhyponitrite in the presence of

nitrite and nitrate (36), and nitrite and nitrate (37, 38). ..

The MSU corrosion laboratory now is fully equipped for chemical,

colorimetric and spectrophotonetric analysis of these solutions. A Bausch

and Lomb Spectronic 20 is used for colorimetric determinations. For

- spectrophotometric measurements, the laboratory includes a Beckman Mocel DB-

GT Ultraviolet-visible-near infrared spectrophotometer. This is a single-

beam/double-beam, ratio-indicating or recording instrument which can make

rapid transmittance and absorbance measurements in the 190 to 700 nm

wavelength region. Quantitative and qualitative analyses of oxyanions of

*' nitrogen and other components of the electrochemical system under study are

obtainable with high resolution. This spectrophotcaeter also is equipped

, with a Beckman Reflectance Accessory, which can convert the instrmient to a

*spectroreflectcmeter for surface studies.

'n or

-. . . . - .- ' . '- .~ ~ ~ . . A AJ . °



-25-

2.4 Microelectrodes in Stress Corrosion Cracking and Corrosion Fatigue ... ',-"

-2.4.1.Revi O

Because of the obvious experimental difficulties, measurements of

electrode potentials, pH, and ion concentrations within a real crack have

been quite limited. Smith, Peterson, and Brown• (39) used

antimmn y/antimonous oxide (Sb/Sb2 03 ) and silver/silver chloride (Ag/AgCl)

electrodes, each of 1/16 inch diameter, and a similar size commercial glass

electrode to mea.-ure electrode potential and pH at the tip of an advancing

crack. The Sb/Sb203 and Ag/AgCl electrodes, combined as a single probe,

were too large to insert into the crack. Instead, a small scrap of

absorbent lens tissue was placed against the outside surface of the crack

tip, and against this were placed the electrochemical probes. Electrolyte

was supplied by a reservoir on the opposite face of the specimen, and leak-

through was prevented by a cemented Mylar film on the probe side. Their

results showed that the electrochemistry at the crack tip is favorable for

hydrogen reduction.

Ratych, rmytrakh, Pusyak, and Kurov (40) determined pH and electrode

potential at a crack tip in steel by boring capillary holes in specimens in

the path of the crack's growth and perpendicular to its front. In this hole

was inserted the electrolytic capillary through which properties of the

electrolyte at the crack tip could be sampled. A flow-through system was -

used. Again, microelectrodes were not inserted into the crack, but

C electrolyte flowing from it ws analyzed.

Most experimental efforts to determine crack tip (or crevice tip)

conditions have centered on the artificial cell, or the occluded cell. A

=,, i,) .; .- .. -. -. -. -. -. -. '- -.i- i- .- L-. -,i- i- ; .- L. ..-i... .-,, ..- . . . .. -i . ..: . .-.... .-.. . ... - - - .< -2
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wide variety of such studies have been published, and a detailed review here

would be superfluous; reviews already are in print, two of which smarize

the situations in 1963 (41) and 1981 (42). r

C- .-

Artificial cracks and crevices may yield interesting results, but such
h..r

results at best can be only a guide for developing experiments for measuring ' .

the actual electrochemical conditions at the crack tip, or for devising

experiments of a different nature.

True microelectrodes, i.e., of microscopic dimensions, offer the

possibility of actual insertion of probes into a growing crack. Frank and

Fuortes (43) describe the fabrication and use of such microelectrodes from V

pipettes of redrawn Coming Code 7740 glass tubing. The tips of their

* micropipettes were less than 0.5 m diameter and ca seven zmm in length.

Dynamic electrical activity (potential) was measured within spinal neural V L
cells with such electrodes. Rector, et. al (44) used similar, but slightly

larger electrodes made of Coming 015 pH-sensitive capillary glass tubing to

measure the pH in rat renal tubules. In addition Vieira and Malnic (45)

have used antimony microelectrodes to measure in situ pH in rat renal .-

tubules. These microelectrodes were fabricated using the same general

techniques and equipment as are used for making glass microelectrodes, but

are somewhat more rugged. Carter (46) provides detailed procedures for

preparing glass microelectrodes which incorporate a reference electrode in

the same structure. Pucacco and Carter (47) describe more difficult methods 1r4

for fabricating both single and double electrodes from non-sensitive glass

micropipettes with a membrane of sensitive glass covering the tips. Such

electrodes have the advantage of 'aving smaller surface-active area. Tho-mmas

(48) discusses in extensive detail materials, eauipment, and procedures for

producing, testing, and using not only pH and ion-sensitive glass

* * * * .* . . . . .. . ."
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microelectrodes, but also a variety of others for chloride, etc. such as the .

Ag/AgCl microelectrodes.

Sanewhat larger, more rugged pH and ion-sensitive "micro" electrodes

are ccmmiercially available (W-P Instruments, Inc., P. 0. Box 3110, New

Haven, Conn., 06515, and Microelectrodes, Inc., Londonderry, NH 03053). A

full line of materials and handling apparatus is offered (WPI) for

laboratory-fabricated electrodes.

An interesting and novel development in this field has been the solid-

state device fabrication methods to prepare chemically-sensitive membranes

by I. Lauks of the University of Pennsylvania and co-mrkers (49-51). The

most interesting of these has been pH sensitive sputtered iridium oxide

film. These pH electrodes have been used in a wide variety of environments

hostile to glass electrodes, and have been used to measure pH within the

human mouth with better performance than glass electrodes (52). In

principle, this electrode can be of near vanishing size, limited only by

microcircuit factrication technology and the necessary provision for

external electrical connections. Although experienced faculty, trained

personnel, adn facilities are available at M.SU for facricating such

C
devices, our efforts to data have centered on the fabrication and use of

more traditional glass and metal/metal oxide microelectodes.

2.4.2. Experimental

A pilot program has been developed to construct equipment for

C
fabricating electrodes having tip diameters less than 100 m, and then use

them in initial experiments to determine the conditions within a crack.

Experimental measurement of conditions inside a crevice is difficult because

*.

_____ . .,.- .
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of the obvious problem of geometry. Although it is generally conceded that

chemistry within a corrosion crack differs from that of the bulk solution,

convincing experimental evidence is not available, despite numerous efforts

to obtain such data. We describe here our results with the silver-silver

chloride microelectrode and its method of production.

2.4.2.1. Microelectrode Puller

A vertical micropipette puller similar to Figure 1 was constructed. 'I

The vertical back plate is 33 cm high, 9 cm, wide and 0.6 cm thick. The

upper clamp for holding the glass capillary is mounted at the top and, the

lowr clamp is on the upper cross piece of the slide. The total free

movement of the slide is 6.5 cm. The holes for the tubing clamps are 8 mm

in diameter. A glass tubing about 1 mm in diameter is held by nylon screws

fixed in the 8 m holes. Kanthal-A steel wire heater coils are mounted on a

* block of insulating material which plugs into sockets in the back plate.

Power for the heater is supplied by a Variac auto transformer.

Three major factors affect the shame of the micropipettes. These are,

in the order of importance:

1. Temperature, shap and size of the heater element;

2. The kind, diameter and wall thickness of qlass tubing used;

3. The strength and variation of pull.

Temperature is the most important factor affecting the shape of glass

pipette. The hotter and longer the heater coil, the longer are the

micropipettes produced.
.4~i-

I .*"1"" - . " - ' . . . '. " . . " • . . ." . . . t . " . . . ." . ° % . . " - - . ' , . - - " . - " - . ' . ' . ' - " -. - " - - ' . . . " , . ' ~



-29- ,

To*ve

r*

Hetrci

Law"~I *t" Ow

Sld

Solnoi

Fromp view

FIUR 1 VRICL ICOPPTT PLLR

o



-30- . h

2.4.2.2. Glass Capillaries

The micropipettes were filled by a gently boiling for 30 minutes in

methanol and kent for 30 minutes at room temperature. They were then placed

in distilled water for 7 hours at room temperature. The distilled water in

*; the capillaries then was replaced by 3 M KCI by inmersing them in 3 M KC1

solution for 10 days at roam temperature.

Fine silver-silver chloride wires then were introduced into the @1
micropipettes. The method of making fine silver-silver chloride wires is as

follow:

1) 10 cm of clean 0.127 mm 99.9% silver wire is used.

2) Immerse 20 mm of the wire for 8-10 minutes in a solution of 10% NaCN

5% NaOH in water etches it to a fine point under a potential of 5V, with

the wire positive. The etched wire has the correct shape when the current

has fallen to 50% of its initial value.

3) It is then chlorided electrolytically in dilute HC1 with a current

of about 5 microa=peres for 1 minute. This wire was then carefully

positioned inside the borosilicate glass micropipette and tep orarily

secured with a drop of fast setting epoxy adhesive.

2.4.2.3. Results

Progress to data has reached only the point where microelectrodes can

be fabricated and calibrated. No experimental results are available

concerning crack electrochemistry. b r-

2.5 Models of SCC, CF, Crevice Corrosion, and Pitting.

Ir
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Stress corrosion cracking, corrosion fatigue, crevice corrosion, and

pitting processes all depend upon electrochemical and mass transport

* processes which have been well-described mathematically (53-55). Because of

thoughtful concern for the reader, the details are not reproduced here;

however, mathemetical manipulation is practiced widely upon the differential "-.".. %$

equations for ion transport, metal dissolution and hydrogen reduction

kinetics, electrode potentials, size/shape of the crack, and external

chemistry (essentially chloride ion concentration and pH) (56-62). For the

* nxot part, the results are not easily adapted to experimental evaluation.

Beck and Grens (63) developed one of the earliest quantitative models based

* on simultaneous differential equations, taking account of halide ion

diffusion to the crack tip, hydrogen reduction on crack walls, production of

soluble metal ions, and oxide fornation on crack walls. Parkins (64)

reviewed the various models and experimental evidence for them and, lacking

the wisdom of Solomon, restated his earlier view (65) that each mechanism

may be operative under various combinations of alloy, chemistry, and

physics, i.e., no single mechanism can account for all instances of stress

corrosion. Subsequently, a variety of interesting studies of the problem

have appeared.

From potential measurements of electrolyte within pits and other

observations, Pickering and Frankanthal (66) developed a modified model of

pit growth which involves active dissolution and a high resistance path

caused by hydrogen bubble occlusion. Sins, Rao and Wei (67) identified a '"-

slow step in the surface reaction of water vapor with steel (AISI 4340), .,.,

C correlated with the nucleation and growth of oxide film. Hydrogen,

presumably produced in this reaction, was responsible for embrittlement.

Comparing activation energies and other data, this step was determined to be
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the rate controlling process for steel in water or water vapor. Oldfield

and Sutton (68) developed a mathematical model of the initiation stage of

crevice corrosion based on oxygen depletion within the crevice, followed by f .

a lowered pH, permanent breakdown of the passive film, and rapid corrosion.

Lees, Ford and Hoar (69) have reviewed (primarily their on) experimental

work and theoretical views concerning practical methods for control of SCC

*: and CF,

The model of Alkire and Siitari (70) of a long, narrow occluded cell 4

with anode localized in the tip region predicted hydrogen reduction on side

- walls and external surface from metal-ion hydrolysis, diffusion of hydrogen

ions, Ohm's law, Tafel kinetics, and construction of current lines. Alkire *
and Siitari (71) extended this model to the more complex three-dimensional

"*[ case and solved the differential equations by compu/ter to yield data for

cmearison with experimental results (72). Hebert and Alkire (73) used the 4P

* model to describe experimental conditions of crevice corrosion initiation

(74). Their model predicts rapid depletion of oxygen and acidification

within the crevice, followed by increasing concentration of dissolved metal, •

but only negligible accumulation of chloride ion.

Turnbull (75) details a mathematical analysis of the time-dependent

distribution of oxygen concentration along the length and across the width

of a parallel-sided crack, and Turnbull and Thnmas (76) offer a model of

electrochemical conditions in a static crack in steel. Their model is based * r
". on the steady-state mass transport of species by diffusion and ion

migration, anodic dissolution, hydrolysis of ferrous ions, and cathodic

reduction of hydrogen ions, assuming that electrode reactions take place at 0-

. both the tip and walls of the crack. Both pH and potential drop in the

Zr
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crack were evaluated as functions of external potential, crack dimensions, -

and external chemistry in a 3.5% NaC1 solution for a lw alloy steel.
0"P -

3. Experimental Results

3.1. Electrokinetics

3.1.1. Electrokinetic Apparatus.

Potentiostatic and galvanostatic measurements were performed using

commercial equipment, including

(a) Princeton Applied Research (PAR) model 173

Potentiostat/Galvanostat,

* (b) PAR Model 376 Lcgarithmlc Current Converter,

(c) Wavetek Model 175 Arbitrary Wveform Generator, and

(d) Soltec VP-6414 S X-Y recorder

The waveform generator can be used to produce any desired potential/current

function with respect to time, as wll as built-in sine, square, triangle,

C and ramp waveform; the latter (ramp) was used in most experiments.

Experiments were performed in a PAR Model K47 Corrosion Cell System,

2
with a square-shaped workir electrode of one cm area, and a saturated

calcuel electrode (SCE) as reference. The counter electrode consisted of

twin high-density graphite rods. In potentiostatic operation, a PAR Model
178 Electrometer Probe was used to monitor the reference electrode.

3.1.2. Electrokinetics

*

-• .. -.
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3.1.2.1. Chloride Ion Concentration Effects

Anodic polarization profiles at the bare surface for concentrations

between 0.1 wt.% and 3 wt.% NaCl at room temperature are shown in Figure 2.

The corrosion potential of 7075-T6 A-1 alloy varies widely with the chloride

concentration; as CI concentration increases, corrosion potential decreases V

and corrosion current density increases. The profiles in Figure 2 were

continuous, but were not adaptable to Tafel analysis because the linear

region was too short. A very thin, dark gray adherent film formed on the 9

surface of the specimen.

Cathodic profiles at the bare surface are shown in Figures 3 and 4 for L
1% and 3% NaCl at room temperature; the current density is ind~ependent of

* the solution concentration. These profiles show the limiting current

density resulting fram oxygen reduction or oxide passivation. As potential 9

is decreased, no deposit accumulated on the surface, nor was gas evolution

or bubble formation observed.

3.1.3.2. Inhibitor Effects

Anodic polarization of 7075-T6 is shown in Figures 5 and 6 for NaNO + 9
2

Na2B407 (0.1 wt.%) and 0.1 wt.% NaSCN solutions, respectively, with 1 wt.%

* NaCl. There are no discontinuities, which normally are associated with film

formation, and no passivation. The corrosion potential was independent of

-- the inhibitor concentration.

It is known that these inhibitors, NaN02 , NaNO2 + Na2B40 7 combined, and

. NaSCN increase passivation against chloride attack. The nitrite ion affects

~ ""
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the potential, that is, those salts whose anions have high redox potentials, ,s.

e.g.,

N -8H8 + 6e NH- + 2H10
2 8-> 4 2

E = + 0.90 V, SHE.

The anodic profile, Figure 5, shows a small effect of NaNO2 and Na2B4 7 upon

polarization behavior, but no effect is seen in Figure 6.

The passive film formed by NaNO2 in this inhibitor concentration range

is ineffective against chloride even when the inhibitor concentration also

is high. Oxidizing inhibitors, by providing an additional cathodic

reactant, effectively reduce cathodic polarization, thus increasing the

corrosion current. If added in insufficient quantity, oxidizing inhibitors

can have disastrous consequences. If no passivation results, as in these

experimental results, anodic dissolution increases or the passive film is

weak.

Figures 7 and 8 show the anodic polarization behavior of 7075-T6 Al

alloy in the inhibitor solutions. CH3COONa and (COONa)2, respectively, with

1 wt .% NaCl. Acetate and oxalate ions are chelating agents, i .e., ions or

molecular species with two or more atoms having unshared pairs of electrons. 'U

The chelating agent can donate the unshared electron pair to a metal atom to

form a stable 5- or 6-member ring resembling a "claw," with the result that

i the metal atom is held in a stable configuration and the chelate produced

usually does not exhibit the properties of the metal atom or the chelating

agent. In the case of aluminum alloys, the chelating agent can react with

.*:...................................
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*

the aluminum cation in the oxide film. Dependirg on the chelating agent,

the resulting ccnqxpurx may be stable and insoluble, or it may be a stable,

soluble, complex ion with a solubilizing function on the oxide.

No change was observed in corrosion potential or anodic polarization

curves when sodium acetate and sodium a: ate were added to 1% NaCl.

Metallographic examination of specimens shod general corrosion on the

surface. As an inhibitor, a chelating agent reacts with aluminum to form

* insoluble aluminum oxalate or acetate, preventing aluminum corrosion by a

precipitation effect.

In chloride solutions, inhibition may be viewed as interference with

the reaction

A + 2 Cl + 20H .. Al (OH) C< - 2 2'-i-

by which the oxide film is thinned. A species may form a conplex ion which

may be stable and soluble,

SA13+ + 3 R <A > IR 3,

wherein the species Al R3 is stable, uncharged and very slightly ionized and

resides at or near the aluminum surface. Although precipitation inhibitors

are known to prevent aluminum corrosion in the presence of chloride, our

results showed no effect on the polarization of 7075-T6 Al alloy.

Figure 9 shows the anodic polarization behavior of 7075-T6 Al alloy in

the presence of brate-nitrite (0.1 NaNO2 + Na 2B407) inhibitor, with small
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addiionsof surfactant, such as 2-amino)-2-methyl-l-propanol, to the 1% NaCl

solutions. Small additions of surfactants have been reported to improve

inhibition by borate-nitrite and to provide good protection to aluminum in

high chloride-containing solutions (66, 72, 92). Figure 8 shows that the
ft.

corrosion potential moved in the active direction by the addition of

surfactant, from -0.710 V (vs SCE) to -1.049 V. The corrosion potential was

greatly altered by 2-amino-2-methyl--propanol. During the equilibration, a

thick black oxide film formed. With the potential increasing to -0.630 V,

the current density remains constant because of oxide formation on the

specimen surface. At a potential of -0.550 volt (vs SCE), the oxide

*i slightly breaks down and the arodic current density increases because of the

occurrence of surface gas formation. As the potential is increased, the

oxide film continues to form.

According to Figure 9, small additions of 2-amino-2-methyl-1-propanol * .

affects the anodic polarization curve, and provides protection in the

? presence of chloride ion. Surface active compounds interfere with the

dissolution reaction by interacting with the passive film provided by the S

inhibitors, resulting in the development of a stronger adsorbed protective

film.

'F-

Potentiodynamic cathodic polarization curves at room temperature and at

2 wt.% NaCl, Figure 4, and I wt.% NaCl + 0.1 wt.% NaNO are shown in Figure
2

10, respectively. The cathodic polarization curve sham a limiting current

2density (ca. 11.5 ,A/c) caused by hydrogen evolution from -1.08 V to -

* 0.715 (vs SCE); gas evolution on the surface was observed. As the potential

is decreased, the gas evolution rate increased. The anodic polarization

2
curve also shows a limiting current density (ca. 15.5 A/cm2 ) resulting

4 r

.. . . .. ... . . -
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from oxygen reductin of hydrogen evolution reaction beten -0.910 .

(vs SCE) and -0.715 (vs SCE). The inhibitor, NaNO2, effects a raising of

* the potential.

These results propted a more thorough study of the inhibitive

0 properties of NaNO2, Na2B4 07 , and surfactants, either alone or in

combinations, and particularly in the presence of chloride ion. The results

of electrokinetic studies are shown in Figures 11-16. Sodium nitrite alone,

Figure 10, is an effective inhibitor, but clearly exhibits a reverse effect

at concentrations above 0.1 wt.%, where corrosion currents increase. In the

presence of sodium chloride, sodium nitrite has no useful inhibitive

properties (Figure 12). When coupled with borax, Figure 13, the passivating

effect of 0.1 wt.% NaNO2 is slightly diminished, but still effective.

Addition of 0.1 wt.% NaCl, Figure 14, however, essentially cancels the

inhibitive effects. Higher concentrations, Figure 15, result in no

significant changes. The inhibitor formulation (IF) of Lynch and coworkers

* (27), Table 3, also were evaluated, Figure 16, with similar results.

Although nitrite is thought to prevent aluminum corrosion in the

presence of chloride, in fact it either reduces cathodic polarization or

induces the limiting current density. Thus, while nitrite is a pessivator,

it is ineffective against chloride attack because of the reduced cathodic

polarization.

Preliminary experiments have been performed with sodium hyponitrite

C alone and in combination with sodium chloride. Anodic polarization results

to date suggest that the hypnitrite has a strong passivating effect of

7075-T6 aluminum alloy, but is less effective than sodium nitrite. This

- .. . N % --
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would be consistent with the lower oxidation state of nitrogen in

hyponitrite. Wen sodium chloride is oresent, the passivation is

effectively destroyed as is the case with nitrite. Passivation is lost at a

significantly higher potential, however, perhaps reflecting different redox

potentials noted in Section 2.2. It is premature to draw conclusions at

this time.

The linear polarization technique is suitable for deternination of

I corrosion r-ates. Instead of imposing a large voltage change, typical of the

Tafel method, linear polarization involves only 10-30 mV swings positive or

negative from the corrosion potential, in increments of about I mV. A plot

of current vs. potential is a straight line accoring to the Stern-Geary fa

equation,

CN tE/ I) =R =B/ icrrE-0 p or

where R is polarization resistance, and I is the corrosion current
p -corr

density.

In Figure 17, polarization measurements of 7075-T6 (a) without

inhibitor and surfactant, (b) with only surfactant, and (c) with surfactant

and inhibitor are shown. Values of R are taken from the initial slopes of

the curves. In Figure 18, polarization measurements on 7075-T6 Al with

inhibitor and 1 wt.% NaCl are snown. Thus, the inhibitor may be effective

on a bare surface specimen in the presence of chloride. If, however, a

surfactant is added, chloride is prevented from attacking Al alloy. •'

3.1.3.3. Stress Effects

or€":
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In Figure 19, the anodic profile is shown for 1 wt.% NaC1 at room

temperature with stress. The corrosion potential is moved 15mV in th"-

active direction as a result of applied stress, and current density is

increased. Although the profile in continuous, it is not adaptable to Tafel

analysis because of a short linear region. A thin white adherent film .

formed on the surface of the specimen, as potential is increased, a surface

deposit continue.d to accumulate, while gas evolution was observed. Thus, .-'.- -

applied stress affects the polarization behavior of 7075-T6 and raises the

current density. Furthermore, stress affects the type of oxide film formed

at the suface.

3.1.3.4. Crack Electrochemistry

Mechanisms proposed for corrosion inside a crack, contain three basic

components, alone or in combination: differential aeration, localized

acidification, and migration of chloride ions. Analyses have been made of

NaCl solution without inhibitors for (1) an "isolated" crevice, where --

crevice metal was not couDled to the open external metal; and (2) a

"coupled" crevice.

In Figure 20, anodic profiles are presented for 0.5, 1 and 3 wt.% NaCl

concentrations at bare surfaces and in isolated cracks. Gas bubbles were

observed at potentials between -0.850 V to 0.600 V, and negative current was

observed. At higher potential, the curves are linear with smooth slopes.

Anodic profiles for isolated crevices show that anodic dissolution inside

the isolated crevice is independent of chloride concentration. Anodic

dissolution inside the crevice, however, is much higher than at the bare

surface. Our data show that, in this potential range, hydrogen evolution

may take place because negative current under anodic condition and profuse

- ..- .. "'."



-58-

q F. "*

-0

4-

101

* 4

101

-0. -0. -0. -0 6-..

0
2 

'J/

- o--0

FIUR 19 NDCPLAIAINO 77 6A LL N1w.

, _ .T.

- .A;.
w, -

"4'2'C .

-0.3 -0.4z -0.5 -0.6 -0.7 -. u,:.

Potential ( v vs SCE)OF '

FIGURE 19. ANODIC POLARIZATION OF 7075 T6 Al ALLO\ IN 1 wt.% "

NaC1 UNI)ER STRESS WIT1tOUJT STIRRINGJ AT 20°C + 2°C"-

or ,
• 1



0-59-%

SS

10*

10 Crvc

0- 3.0 wt.% NaCl Isolated

Crevice

1- .0 wt.', NaC bsaedrfc

A -- .0 w.% N~i bre srfac g & Gas formaticL

-0.3 -0.4 -0.5 -0.6 -0.7 -0.8

CPotential ( V va SCE -
FIGURE 20. AN0DIC: POfLARIZATION OF 7075 T6 Al ALLOY IN DILUTE NaC1

SOLUTION



-60-

.. bubble formation were observed. The gas extracted was determined to by

hydrogen. Within this potential range, hydrogen reduction is possible

thermodynamically in aqueous media to pH 10 (77).

Under cathodic polarization for the isolated crack in I and 3 wt% NaCI

Figures 21 and 22, gas bubbles were observed over the entire range of

potentials. Cathodic profiles for isolated crevices show the limiting

current; cathodic polarization is dependent of chloride concentration, but

current density increased with increasing chloride concentration.

Time dependence of the open circuit corrosion potential was measured

using an isolated artificial crack irmersed in NaCl with and without

inhibitors, Figure 23. Solutions (1.0 wt% NaCl with and without 0.1 wt%%.-

SNANO 2 + 0.1 wt% Na2B4 07 ) were aerated without stirring. For the bare

surface electrode (no connection to crack), after the electrode was placed

in solution (I wt% NaCl without inhibitor), there was a small increase in

open circuit potential (-0.755 to -0.730 V vs SCE), and the electrode

potential slightly increased.

After 3.5 hr. (the induction time), the potential remained at a * j

constant value, ca -0.710 V vs SCE. But, when olaced in inhibited solution

-* (I wt.% NaCl + 0.1 wt.% Na-NO + 0.1 wt. Na2B40 ), a rapid increase in2 24 7

- potential from -1.016 to -0924 V occurred. After 2 hr, the potential

remained at a constant value, ca. -0.710 V, approximately the same as at a ..-.-

* bare surface. After an isolated crack electrode was rut in chloride

solution without inhibltor, the corrosion potential attained about -0.880 V;

after 7 hr., the potential remained constant at ca. -0.810 V, much less than

for the bare surface electrode.
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hen the artificial crevice electrode was placed in inhibited chloride
. solution (1 wt.% NaCI with 0.1 wt.% NaNO + 0.1 wt.% Na2B40 ), the corrosion

potential moved rapidly in the noble direction from -0.890 to -0.820 V, and

continued to increase, reaching a value after four hours of ca. -0.550 V.

After 20 hr, the potential was ca. -0. 630 V, higher than the bare surface

electrode, with and without inhibitor, and the cracked electrode (isolated)

without inhibitor. Figure 24 shows the open circuit corrosion potential

time dependence at different positions inside the crack. The solution, :.0 2<
wt.% NaCl, was aerated with no stirring. A small potential drop was

measured inside the crack (isolated crack).

3.1.3.4.2. Counled Crack

While we have considered electrochemical conditions inside the

uncoupled crack, a real crevice always is in contact with metal outside the . -

crack, hence, we have studied the polarization behavior of a "coupled"

crevice. Anodic profiles are shown in Figure 25 for I wt.% NaCl a bare

uncoupled suriace in 1 wt.% NaCl. Gas bubbles were observed between -0.850

V to -0.700 V, buth on the bare surface and inside the crack, and current

oscillation was observed, above these potentials, curves are linear with

smooth slopes. Some references (67, 78) report that the cathodic reaction

-" (oxygen reduction) continues outside the crack after the oxygen within the

crack has been consumed, and anodic reaction is confined to the crack. N-

Current densities for the isolated (uncoled) crack are crxmaed with

to that for Al alloy couples under various concentration in Figure 26 . n

solutions (3 wt.% NaC and I wt.% NaCI), Figure 26, gas evolution was

observed betwen -0.800 V to -0.730 V on the bare surface as wel as inside

the crack, but the rate of gas formation inside the crack was less than at

:.=.-.'--'..',:; .--, _:. .. -.' '1. i,. ,_'.. --' . " " "" ' . . . . . . . .. .. . " " "' " " " " . . .. . • . .. " " ' "• . . . . • "" ""
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the bare surface. Above this potential, the curves are linear with smooth
-p-..

slopes. The anodic profile for 3 wt.% NaCI solution shows tat anodic

dissolution inside the crack is higher than for 1 wt.% NaCl solution. At

higher Cl ion concentration, gas formation and bubble formation are less

than at the low Cl ion concentration inside the crack.

A thick adherent black film formed on the specimen surface. Figure 26,

camnares the anodic polarization curve for a counled crack in t:-e on-

inhibitive solution with that for a couoled crack in an inhibitive solution.

In the former case, the breakdown anodic dissolution potential is a little

higher than that in the non-inhibitive solution. The nitrite ion effects a

raising of the potential, that is,

NO- + 8 H + 6e NH+ +2H 20,

E = + 0.90 V SEE.

Hoe*ver, the current density is almost the same for both cases. Fron the

experimental results, these concentrations of inhibitors may be a little

more effective inside the crack, but, the inhibitive action is weak. O

"lhe time decendence of the om~en circuit corrosion notentia.7 of a

coupled artificial crack immersed in aerated, unstirred 1 wt.% NaCI, was

,e~ared. The cracked 7075-T6 specimen and the external Al alloy were

coUpIed for a few minutes, whereupon the corrosion potential of the external

. .* specimen shifted to the more noble direction compared with the bare surface

specimen (uncoupled to other electrode), whereas the corrosion potential of

the cracked specimen shifted to the more active direction compared with the

r'
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isolated specimen. After 6 hr, a steady-state condition was attained, at a

Dotential difference of about 150 mV, which corresponds to Rosenfeld's data.

Since this value is not small, an IR drop between the crack interior and

outer electrode rust be large.

Figure 27 shows the time dependence of potential difference between the

crack interior and outer electrode, reaching steady-state condition after 6

hr. The electrode potential was measured as a function of time under the

active state. After several hours, the potential differences were attained - -

at a steady state condition of about 150 m, i.e., the same value as that

under the nonsteady-state conditions. Figure 28 shaxs the potential

difference between the external specimen and the cracked specimen under the

active state. According to Rosenfeld, the active state electrode potential

of the crack was more negative than that of the open specimen because of a

restricted oxygen supply to the crevices. This experimental data may shoaw-

or prove Rosenfeld's experimental model.

McCafferty (79) and others (80), claim that a large potential

difference exists between the crack interior and external metal, based on

otential measurements of uncounled, unpolarized ccmpnonents in solutions of

differing oxygen content. Furthermore, the potential difference between the

inner and outer surface is much larger before coupling than after. Our"

results do not agree: the potential difference between the inner and outer

surface is larger after coupling than before, Figures 28, 29.

Thus, the potential difference changes slowly with distance from the

crack tip, but to the mouth of the crack, the rate of change increases,

i.e., inside the crack, the potential drop is very small. On the other

hand, the potential drop between inside the crack and outside the crack is

2 . . .
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large, hence, the outside surface =ust support a cathodic reaction at a

positive potential with respect to the anodic crack reaction, which suggests

that metal inside the crack is isolated from the external surface reactions,

i .e., the separation of the anxic and cathrcdc re=ions. Accordirng to this

potential difference, the electrochemical driving force is not snall and

becomes more favorable for development of corrosion inside the crack. On".-. -

the other hand, a small potential difference inside the crack may cause a

large concentration change and a correspondingly large increase in current , "

density at a given applied potential (81). In the open circuit condition,

the outer surface cathodic reaction would occur if dissolved oxygen were the

primary bulk oxidant. Coupled with a net anodic reaction inside the crack,

for overall current balance would lead to steady state crevice corrosion.

Applying a small positive or negative potential (under active state), bubble

formation should occur both inside and on the outer surface of teh sample,

since it is thermodynamically possible.

3.!.3.4.3. Real Crack

Open circuit corrosion potential tima dependence was measured for a

real crack immersed in I wt.% NaCl aerated, unstirred solution with stress

and without inhibitors. The potential inside the crack was measured using a

special microcapillary tube; Fig. 30 sham the results. Corrosion

potentials of both the external surface and inside the crack shifted to the

more active direction under stress; a steady-state condition was attained

after 20 hr. at a potential difference of about 35-45 mV. Because of this

small value, the IR drop between the crack interior and outer surface must

be small.



-74-

LO

0
Ca

CO

0 -

cz

c Ia -I.
Ln

-4CN
C4 -

enH

ODS~~~ ~ -S ) 4ua



, r J .r- ,- . r 777 7 7 Y

-75-

A schematic representation of crack velocities of aluminum alloys as a

function of stress intensity typically yields a curve with three distinctive

regions: Region I, where crack growth is initially observed and changes . 1

rapidly with stress intensity; Region 11, the "plateau" region, which may be

nearly parallel to the stress intensity axis; and a sharply increasing crack

growth rate region (Region III) just prior to failure. . -

A stress intensity factor (K = 12 Mpa m), corresponding to Region I.

was used because in this region crack growth appears to be environmntally

controlled and independent of K. Figure 31 shows the experimental result

together with reference values. During crack propagation, the lerxr.h of

the crack can be measured in an ontical microscope whenever necessary, then

data for the da/dt vs. K1 plot can be obtained. The specimen was loaded

using a torque wrench to a torque of 12.7 (N-m), with the equilibri-n

relationship expressed mathematically, (82)

TGDP,

where, T is torque (N-m), D is the nominal bolt diameter (m), P is the

C induced force or clamp load (N), and is G an emirical constant, which takes

.into account friction and the variable diameter under the head and in the

threads where friction is acting, yielding (Novak and Rolfe (83)]

K.r =12 M/a M.

3.2 Stress/Strain Relations at a Corrosion Crack Tip.

Krowledge of the stress/strain relations at the tip of a corrosion (or

fatigue) crack is necessary (but elusive) for a comlete understanding of

% %
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SCC etc. Crack-tip corrosion rates and their relation to external chemistry , .

and physical load configuration have been correlated, if not understood in

terms of, the stress/strain relations at the crack tip, within a region of a

few micrcr. ters. (84-86) -.--

Stress/strain relations within so small an area historically have

eluded experimental measurement. Sharpe (87, 88), however, has developed an

interfercmetric Strain Gage (ISG), at Michigan State University which, is

capable of measuring specimen strain over a range as small as 25 micrometers

(0.001 in.), and hence can determine biaxial strain within the critical zone
0

of a crack tip. The actual gage consists of two shallow, pyramidal

indentations impressed by a Vicker's microhardness machine into the specimen

surface. The indentations are ca 25 m apart along a line normal to the

crack propagation direction. Coherent radiation (from a He-Ne laser)

reflected frac the indentations produces two interference fringe patterns

which move proportionally to the strain motion of the indentations.

Movement of the interference fringes across photcamtiplier tubes is

measured and the relative displacement of the indentations, hence strain, is

computed therefrom. Two photomultiplier tubes are used to remove rigid-body

translations of the specimen in the strain direction.

3.3 Alternate Immersion Testing

A simple alternate imersion testing machine was constructed. This

machine can provide variable, controlled immersion and drynrg ti-.e periods

for as many as !00 specimers in up to 24 different liquid environments. A

10-minute inmersion-50-minute drying cycle has been used in all tests to

* date, as reccmmended by ASTM G31-72.
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Aluminum alloy 2024-T3 has been used for screening tests of various

inhibitors and surfactant cambinations. Test coupons were cut to 5.0 x 1.5

x 0.16 cm, polished and cleaned, weighed and suspended by glass hooks for

the ir=rnersion testing. After exposure, coupons were cleared, dried,

rewaighed, and evaluated for pitting damage. Weight-loss was converted to L

corrosion rate (ASTh( Gl-81).

The various inhibitor/surfactant materials used are listed in Table 4,

and the results in Table 5. In general, these results agree wich those of

Khobaib (24, 25) and those listed elsewhere in this Report.

3.4 Corrosion Fatigue Inhibitor

Apparatus for studying CF inhibition using the methods described in

Section 2.4. is available at MSU in Professor J. Martin's laboratory; it is

heavily used, and would be available to this program only for limited time

periods and for well-planned experiments. Preliminary experiments to

develop aropriate test parameters must be performed on alternate

equipment. The object of this phase, then, was the adaptation of equipznent

made available, but in a state of disrepair, and then to perform preliminary
0 -

experiments along the line of, and to duplicate if possible, the work of

Lynch and co- 4orkers (26), cf. Fig. 31.

The apparatus currently consists of (Fig. 32)

?MTS Model 206.11 - 11 kpsi hydraulic actuator

MTS Model 406 controller

MTS Model 436.11 control unit

Strain sert 25,000 lb. load cell

,° , ... .

. . . ..'"' ." .' '"' " : ." . .**, ..--.--..- -, i--. *r, -."...*.-,.- .-. -'..;.,,*. .'. -......-- , -.-."o-.
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Table 4. Inhibitors used in Alternate Immersion Tests

S ' S.'.,

Substance Chemical Formula Sourc '..

MacDill Fcrmula See Table 2. Erny Supply Co.
Tampa, FL

MBT C7H5NS 2  Eastman Kodak Co. -....
Rochester, NY

Boric Acid H3B 3 Fisher Scientific Co.
Fairlawn, NJ0

Hamposyl L-30 R-C-N-CH2COOH W.R. Grace & Co.

R-C--CH2OOHNashua, NH

R=fatty acid h~drocarbon chain
II "" " "

"

Lathanol LAL CH3 (CH2 )1 oCH 2 -C-SO 3 Na Stepan Chemical Co.
Northfield, IL

* N-Ethylpiperidine C H N Reilly Chemical Co.7 15
Indianapolis, IN

1,3-(Di-4 Piperidyl) C3H2N Reilly Chemical Co.
Propane Indianapolis, IN

* Piperizine C5H N Sigma Chemical Co.

St. Louis, MO

Polystep B-12 CH3CH2O(CHCH CH2)1 1CH2  Stepan Chemical Co.
OS3Na Northfield, IL

Sodium Borate Na2B407 10H 20 Mallinckrodt, Inc.
Paris, KY

Sodium Nitrite NaNO Mallinckrodt, Inc.
Paris, KY

Stepantan A C6HIICOOSO3Na Stepan Chemical Co.

Northfield, IL

Zonyl FSA RCH 2CH2SCH2 CH2 CO2 Li E.I. Du Pont De Nemours Co.
Wilmington, DE

Zonyl FSC RCH 2CH2SCH2 CH2 (CH3)3CH3S 4  E.I. Ou Pont De Nemours ? Cc.
Wilmington, DE

Zonyl FSP (RCHCH2 O)1,2P(0) (ONH) E.I. Du Pont De Nemours 3 Cc
Wilmington, DE

IF. j.9' ~ . ~,~.- * . *2. ~ ~ .' i*~l.9 ~ .A A~ .. ~.* ~ k - - ] - I

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . . . . . .:.:.
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Ms Hdraulic pump.

The systen is operated under load control, with a 2 hz. sine waveform in

te-sion--ce:ision load'ng. Staia-icss steal gri.s for ct: ct ten-icn

specimens were machred to fit the MTS equipmpent. Cct. ace tension spec mens

were precracked in the machine, and crack propagation was measured with a -

converted cathetaeter.

Acueous solutions of corrosion accelerant/inhibitor %ere introduced WL

into the crack from a 1.5-in length of 0.75-in polystyrene tube, cemented to

the sample face, and closed at the other end with a cemented polystyrene

sheet, using a silicone sealant. A side-tube covered with a silicoe

syringe port provided means for introducing solutions to the crack

(Figure 33).

Specimens were cleaned, mounted in the apparatus, and then subjected to

fatigue loading according to ASTM 399-A2.1 to produce the 0.1 in. precrack.

Loading conditions then were charged to correspond to Region II (Figure 34),

and distilled water introduced to the crack. Mien sufficient measurements

had been made, inhibitor solution ws added at double concentration, to

allow for dilution. The inhibitor formula of Table 3 ws used.

Only three experiments have been performed to date, with equivocal

results (Figure 35). In each, reduction of crack growth rate is apparently

observed, but the visual method of data recording and a small difference in

specimen geometry may be the causes of substantial scatter in the data.

Scanning electron microscopic examination of fractured surfaces, however,

revealed distinct differences in the fatigue crack growth regions before and

after the addition of inhibitor solution.

"F'-7
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Figure 34. The effect on growth rate of adding inhibitor
to a propagating corrosion fatigue crack, schematic (26).
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4. Discussion -

4.1 Bare Surface Corrosion

Polarization orofiles in Figure 9 slow that the bare surface

dissolution rate is deoendent on chloride content, hence the reaction

involves chloride anion ccmplexes. Corrosion of Al and 7075-T6 Al alloy at

the bare surface in solutions containing dilute NaCl is acccmanied by the

ccmsumption of hydrogen, oxide, chloride, and sodium ions.

The most probable reaction mechanism accampanyig the initial stage of

the corrosion process of 77075-T6 Al alloys in NaCi is (20);

Al *- Al * 3e a

Al 2+ HO H * AIOH (b)

A}
3  

C- ;- '4

Al C A1CI (C)

AIOH 2HO it Al(OH) CI + 2H+ (C)

-4+
AMCI + 

2
1 1 - AI(OH) C1 + 2H+, (d)

- 2

Al(OH)CI + 2 4- Al(O)C * (0 + H+
AI(OH),CI * Hf - A+((OH) + H

+  
Cl. (g)

A 1- -11H)

It is believed (20, 89), that the hydrated al-uin= ion, A2(. 20)+
3  is

formed rapidly (about I sec), and then undergoes a very fast hydrolysis,

(b). Later, both the Al3+ and Al(OH)2+ ion react with Cl- ioru, i.e., Eas.

(C) and (e); reaction (e) is faster, however, than (d). Fran our

experimental results, it appears that both reactions (c) and (e) may take -

clace as an anodic dissolution.

On the other hand, the overall cathodic reaction in near-neutral

solutions, based the results, is oxygen reduction,
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0 + 2 H20 + 4e ----- > 4 OH
2 *2

Trcrn Figs. 3 a, 4, the limiiting currcnt dcrnc:i.vy (iL is 10 l.A/cn 2 for

both 1 wt.% and 3 wt.% NaCl. Oxygen is relatively insoluble in NaC--

solution at room temperature, hence there is a small limiting current -

density for the cathodic reduction of oxygen.

In Fig. 21, the applied stress affects the polarization behavior of Al

7075-T6 and raises the current density. Stress corrosion cracking of the

7075-T6 aluminm alloys in chloride ion is because of the formation and

growth of cracks of an almost brittle nature, which propagate along the

grain boundaries. A number of mechan2rss have been proposed (39, 90, 91) to

accoLlnt for the phencmenon; three of them have received wide attention, viz. -I-

411m runtuare (93, 94) pre--existing active, (94) and hydrogen embritt:Ement

(90, 91).

In the pre-existing path model, emnhasis is placed on the

microstructural and electrochemical parameters. Chemical inhcger-eities in

the material are considered to be the key factor. An example often auoted

is the segregation of alloying elements in the form of precipitates at grain

boundaries in 7075-T6, creating a precipitate-free zone in the adjacent

material. In a corrosive environment, a localized electrochemical reaction

can be established between the precipitates and adjacent material. Although

this is an adecuate explan_,tion for intergranular corrosion, it does not

account for the role of tensile stresses in prodvcing SCC.

According to te f4im rupture .:el, tensile stress ruptures a

assivating ox ide film, exposing fresh mtal with electroc-mical notentials

-% % . .' .- ,,. .. . ., . . -. . . . - . . . ... .. ",. " . - .. ." ." . , .'" ,.. , . .
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quite different fran the surrounding still protected areas. Thus corrosion

is thought to occur at these sites until a new Dassivating] oxide film can

reform, which in turn will be ruptured, and the corrosion repassivation

proc r, t>±r hv gen r'_ting an. active 'L_: S2C. JI-i t*i s

mechanism, the rate of repassivation is the key factor; if rapid,

insufficient corrosion will occur to promote SCC.

The mechiausm of hydroge-n er-britteamernt involves diffusion of wter

mo ecu ies or hydrogen ions down the crack, redaction to adsorbed hyrogen

atoms at the crack-tio, surface diffusion of adsorbed atcxas to a preferred

surface site, absorption of the adatams into the metal matrix, fol7ovxd by

diff :sion of h'ydrogen atcms to a Dosition in front of the crack-tip. .- '

hydrogen i ndeed i4s th:e basis of erir-ttlemo-ant during SCC, the kinetics still

may be inf'up..eced, if not controlled, by hydrogen permeation or stress

induced ra)ut re of a-n oxide film.

The possible crack-advancement mechanisms, i.e., dissolution and

hydrogen ion reduction, will be controlled at a given potential by three

subsidiary factors: oxide rupture rate, solution-renewal rate, and

passivation rate, including repassivation rate. In these experiments, it

appears that oassivation rate at the stress concentration region, which is

ccrmnon to both mechanisms, i.e., film rupture (activation control) and

hydrogen-embrittlemnt (diffusion control), is the rate-controlling

reaction.

4.2. Crack Electrochemistry :'- :.

As noted in our oolarization curves (Figures 24, 26 and 27), hydrogen

gas formation and bubbling occurred near the corrosion potential region. 4

.... " ..

• .. -. -.. < . - - - - - .. . - ., --. . . .. . - - . .- . -.. .- . .. . ._ _" ",." . ...
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Thus, two cathodic reactions may be considered, i.e., reduction of oxygen

and hydrogen,

0 + 2 0 + 4e --- >4, O

2 -2

and H20 + e --- > H + OH.

ari2 2 2

If both cathodic reactions take place, depolarization might occur,

* increasing the corrosion rate.

Figure 24 shows that polarization profiles inside an isolated crack

differ from the bare surface. Furthermore, the pH inside the crack also is

different from the external surface. In the case of the bare surface, no

hydrogen gas bubbling was observed. These results confirm that the crack ,

tip electrochemical environment is different from the bulk exterior

environment, and alternative electrochemical reactions may occur there.

Figure 24 shows that 0.1 wt.% NaNO2 + 0.1 wt.% Na B 0 in hibitors may O*

affect chloride attack inside the crack, although Figure 14 shows only a

small effect by these inhibitors. This is because of the establishment of a

specia., more camlex microch.mical or electrocbhnical environment withlin
"-the crack which is different frcm the bulk exterior environment. Although

local ized corrosion is complex and involves n-any simultaneous processes,

there are several possible e:ianatiors. If because of migration, chloride

accumulated witiin the crevice and hydrogen remov&. are significant factors,

then the rate would be expected to depend on Cl and H concentrations.

i er
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In the case of a coupled crack, Figures 30 and 31 show that the

cathodic reaction (probably cxygen reduction and hydrogen reduction) talc--s

olace cratside the crack, while a snrall anodic reaction and hydrogen

r'tcti1, OCC-' LinSi t- : crack. , igure 31 also sho&s th-t the anc Uc

Profile of an isolated crack s different from the profile of a counled

crack. The evidence of a different corrosion ootentia:, the active --

potential and the anxdic profiles probably result from t:e hydrogen

evolution reaction. This cathodic reduction may control this corrosion

recbhanism or suppress the anodic dissolution.

According to Pourbaix (77), the surfaces which are outside the crack

and are in direct contact with NaCl sclution, are often passivated by

oxygen, and are acting as aerated cathodes where oxygen is being reduced to

water, for example,

0 + 4 + 4e --- > 2 H0
22

Surfaces inside the crack are active and behave as non-aerated anodes, we.re

the eta: undergoes corrosion a-d hydrolyzes with a decreases of mH, e.g.,

3- --.

AI ---> A-1 + 3e

Al3+  + 3 H 0 ---> A(OH)3  
3; .J-

23

Ex erimntally, a decrease of pH inside the coupled crack is found,

indicatin weak acidity inside the crack.

C.<

- - A~ &.~A 'I .- *- -- --..-- -.-.
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Rosenfeld (96) shows a general mechanism for a real crack involving4 the

effects of chloride ion andi acidity,%

e + H2 0 -2e ---> MeO + 2E+ ,

Me + 2 H 0 - 2e --- > Me(OH)2 + 2H
+ ,

Me + 2 Cl - 2e --- > Me Cl 2 (ads) + H20 --- >

--- > Me0 + 2H+ + 2CI -.

Our results show that hydrogen evolution and oxygen reduction (secondary)

take place cathodically, and anodic dissolution may take place (anodic I

condition).

Pickeri.g and Frankenthal (66) shxo-4d that large potential drops

attributed to constrictions are caused by trapped hydrogen gas bubbles. The

* following two cathodic processses can be considered: (1) Hydrogen

evolution, and (2) ionization of oxygen. These may proceed by independent * I

parallel stages and are related to one another only as they provide an

overall electroclemical potential on the corroding surface. Hydrogen

evolution may have an important role, however, as the controlling cathodic

process.

Hydrogen evolution possesses high diffusion mobility and a high rate of

migration in an electric field. An increase in the hydrogen evolution rate

and bubble formation will decrease the thic!caess of the diffusion layer of

77

'. - .



-99-

liquid adjacent to the surface of the metal because of the additional

mixing, h. nce, the limiting diffusion current for oxygen reduction also will

increase (Eq. 34). Hydrogen bubbles on the surface may decrease oxyggen

diffusion, eit.1;r a. a r.s'lt of s;r"-er •crcss ... r .:y

entraarent removal of oxygen from the surface with hydrogen bubbles. In cur

experimental results, the principal effect of hydrogen evolution on the

limiting diffusion current density for oxygen is thought to conrcist of a

reduction of the diffusion layer thic!k'ness as a result of agitation by

hydrogen evolution.

UThiig (97) suggested the importance of hydrogen evolution in a

different role as a controlling factor. When aluminum dissolves anodically,

+3 +-
both Al and Al are formed, initlally the univalent ion, which then

reduces water to form the trivalent ion.

A. + --- > AlOH + + e-, :,+.-. ..

2 2r

A0Hads + 5 H20 + '- 3+ 6H20 + 2e

2 A10Had + H20 Al> A03 + 4 H+ + 4e-

ads 2 2 3

+ +2or A + 2H0 --- >Al + F + 20H.
22

i During formation of a surface oxide film, hydrogen evolution takes place

simultaerously at the arode as well as at the cathode. :n the anodic

dissolution, hydrogen Lvolution is responsible for increased local corrosion

action. Many actions of hydrogen as wll as migration are probably F "

.:5.:.<: ...... .. ,.'..-.....o.,,... < . ... . . .. . . -. .' .,. .,. -° . ." . .. .-..-.--.-. _-.. ... ..-.-. .. ... -.. .... ...--. ,.'
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-. responsible for the potential drop as well as separation of the anodic a.,,.

cathodic sites.

Anothuer experimental result for an isolated crack, ,:Ws ".vat curren..t

density is independent of CI concentration, i.e., the corrosion rate inside

the crack is controlled by a cathodic process.

4.3. Extending Mathematical Models

Nmerous models have been proposed for crevice corrosion, corrosion

*]- cracking, etc., (73, 98, 99) which yield distributions of current, voltage,

. and comosition in the crevice and nearby regions. The approach shows

promise in predicting crevice gap/depth ratios that are critical for

- localized attack. Porous electrode theory (100) also can be used to predict

the depth at which the anodic reaction may be driven by external cathodic .-

current. Ohmic drop restricts current enetration into a small-gap,

occluded region. At greater depths in the gap, the metal is isolated from

the external surface reactions. Ne~nan (101) calculated the depth to which

a reaction may penetrate the walls of pipe. Turnbull (75) showed improved

mathematical modelling of mass transport of oxyjgen in a crevice or crack for

an estimation of the oxygen concentration. Diffusion and acid hydrolysis

were included in a model for crevice corrosion by Galvele (102). A

sophisticated model for stress corrosion cracking of titanium was developed

by Beck (63); transport limitations, wll reactions and nonlinear kinetics

were included in the rrnodel. Alkire and Hebert's (103) imnroved model for

corrosion initiation of mire aluminum accounts for electrode reactions of -

aluminum, oxygen and hydronium ion, and for transport by ursteady state

diffusion and migration.

0 r
... - . ."

. . . . .. . . . . . . . . . . . . . . . .
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777.

We have found that hydrogen evolution occurs both cathodically and

anodically, &ithcugh the reaction is a cathodic process. The electrode ... ..

potential of the metal inside the crack is lower tbhn the hydrogen

"4'

reaction is not the only possible one; a cathodic evolution of hydrcgen, 2H

+ 2e-> H2 , also may occur inside the crack under the anodic condition.

Our results show that rear the corrosion potential, only cathodic evolution

of hydrogen takes place and hinders anodic dissolution so that PickeriJng and PL

Ateya's (99) model may be useful to describe mass transfer in the

electrolyte by molecular diffusion and ionic migration according to the

Nerst-Einstein relation.

According to Pickering and Ateya,

dC~

H Hdx.R T dx F

dC F d i
J C +  - Dc- (dx Cl RT dx =  (2)

C.1~~~- '4- :b-- CM RT

where D..+ is H+ diffusivity, Dc - is Cl- diffusivity, C, are concentratlons,

'kis local electrical potential in the crack, and i is -he local current

density of the hydrogen evolution; T is absolute temperature, F is Faraday

constant, and R is the gas constant. The equation of electroneutrality is

-Z C = (3)

i.e., H+ = Cl- = C. (4)

" '<" """-, ; '5"-'"-"-'-' .'" " "'" " "'" '-" -.-.". ".-' -. . - -. .,.'-.'..'-V '.'' -... - ""." -"- - - •.- .-'. - " -.- ,"-
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Our results show, that after a few hours, the potential and current reach

steady-steady values. According to Pickering,

C = C e (5)

Modifying Eq. (6), by Eq. (5) and substituting in Equation (4) gives

Jh+=- 2 DH+ CO  d 6)

*" Pickering derived

R T cosh (L -x) /X]
F cosh [L/ x ..(7)

o LI:
where

X = (D+ CO F a/ is),

is =i exp c-D -- , or i - is ep (_tLFT ;

* $ is the transfer coeffIcient of hydrogen evol'ution, and 0 is the local

electrical potential in the crack and solution. :n Fig. 29 are shown

results of the omn circuit corrosion uotential vs time inside the real

crack; the potential difference fran the outer surface is about 40 m. The

potential difference 0 within the crack can be calculated fran

R T cosh (L -X)_/X

---------------n -----------F cosh ( L / X) * (8.

..............
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Values for the relevant parameters are: X -4- (D + C F a/ D. + + 5 x
H a s H

-5 2 RT1- cm sec, - = 25mV. The crack length (L) is 1 am, and crack width (a)
F

is O.C1 c.. C = 0.17 .ole/1, F = c 5 50 c/S3iC, i cx- n b. -
0 S

experimental results (Figs. 21 and 22). Frcm. Fig. 21, ill
2 -6 2i 20 A/cm 20 x 10 A/cm,

S

X = (DH+ C F a / i s) = 0.64

Thus , the potential

R T n c1sh [ - _"
F cosh (L/x)] =l8mV,

in fair agreement with the experinmental value.

A n o t h e r n o d e l b y D o i g a n d Fiew i t t ( 6 1 ) a n d M e l vil- e ( 5 7 , 5 8 ) , s r"Z-S

that, when stress corrosion cracks grow by enhanced anodic disolution and

are subjected to external polarization, an electrode potential distribution

is established within the crack. A crack diagram of width w, length x, and

width y, is sbhwn in Fig. 36. The width y is very much greater than width

C W, so tr ae crack may be considered to be of infinite len.th.

VZ

Fig 36 .Schemic represevfatinw of the Crock

N.j L*
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Hawver, «0<< so it may be assumted that the effect of crack width
H

variation may be neglected. Fig. 37 shows the Evans polarization diagram.

1E C -

-2F

Figure 37. Schematic Polarization Diagram of the Electrochemical
Reactions Occurring at the Specimen Surface Showing the
Influence of Potentiostatic Polarization

Ec is the external surface corrosion Dotential!, 1 is the corrosion current

density at potential E. andi E i's the potential at position x within a

crack (V). According o Doia andl Flewitt (59), the net anodic Iap at Eap

is given by

ai- - E-E ex (9)

aim) c -3

more generally, the net current density, i., at any potential Ex is given by *~

xx

* According to Doig and Flewitt, the net anodic current iflcow within the crack

a-, a distance x from the free surface i-s the integrated suM, of the net*r

anodic curent generated on the crac.< surface at diJstance greater than X,

0 r
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d i1 (-1)

d x x i

*and

IC OX
if = - w: (- -x--).(12).'-.-

Consequently, fran Eq. (12) and the differential Eq. (3), we obtain

d 2 E E-E E Ec- ex ( x exp --xc) i(13) -.-
d X 2  X c --

In order to apply this model to real experimental conditions, it was

modified, following Melville's (57, 58), reasoning. Tine potential variation

is described uder more general conditions: If E(x) is the specimen

potential reative to the solution at position X in the crack, there is a

change dI in the current down the crack over length dx,

dI 2 ti (E) dx. (14)

Ohm's law gives the potential change, dE, of the solution over a length dx

-as

.

dE dx. (15)t WC L-,-

:f 1(x) is the current dcwn the crack, and C the conductivity of the

solution,

dE -(16)
dx T W C' k ' .
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then

2 _ _

d E 2 2(E) 1'
d x W C

and ?

2
d E -dE d dE (8

d x 2  (-a dE x

* If the Dotent-ial remains close to the free corrosion uotentiaj. for

ressivated crack sides, E ,the function i (E), describing the

electrochemical reactions on the crack sides may be approximated by

i(U) =K U, (19)

*where U =(E -E) and

K =d EE dUi U=O. (20)

The second order differentL-a! Ea. (Z.8), the -n is a~viied to Ea. (19),

2
d u 2

17 U,
d x

top.

where

17 (2 K/w) . (21)
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S .. ..

Integration of Eq. (20) yields

dU (U2 1/2(2
X (= b) 1  (221

where b is a constant to be deter,,irned from te bD aL-ary conditions,

= In +(U+b,- (23)
x 0 + (U + b) I/2

* j, "-(23.

arxi

U 0, at x 1. Eq. (23) gives

U x) = U - ------- -- (24)

From experimRnta2 data (Fig. 18),

K ---- ---- Am 2  V.
4.95 x I02

C

The crack width (x) is 0.1 n = 0.1 x 10 , the total crack 1e.!tn (L) 4s I

c = lx 10 2 n ar d = (2 K/w) is 449.46, hence

U (x) = sinh 7 L (I - x/L) - 0.2587.
U---- --- sinh r 0.2587.

C 0

If i'- firnt the U(x) value, U can be calculated.
0

. .. . . . . .. .. . . . .
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Fron Fig. 29, U(x) is about -0.040 V, an U (otentiai at crack tip)

is about -0.155 V. It is irnos-sible to obtain e_\veri.mentally the :Zotential

at the tin of the crack; it can be calcuiiated, hcxe-ver, if oar-znon -.

Clr-es for the rrateras are nzrsente, ar-ci if it may be -:: i tL2 ..

sides of the crack benave similarly to the outside su_'faces.

r

Melville (58) also develooed an analytical method of solution for

calculating potential variation potential with stress corrosion cracks where *1
there is a simultaneous variation in current density with potential along

the sides of the crack, and a variation in crack width along its length.

According to Melville's modxified mcxel,

dl = 2 t i (E) dx, (25)

wtere E(x) is te specimen ootential relative to the electrolyte, andJ i(x)

is the corrosion density. Tren

= - - - - -cx, (26)
tC w(X)

where I(x) is th-e current down the crack, and C is the conductivity of the

electrolyte. Further

2 wr
dl - 2 t i(E) t C w(x) E + t w (27)
dx 2dx x

d x

w=w bm, (28)
0

= " + a(E - E) and (29)I E) 0o @1!

. . .. .... . " " " " • • ... . . . . . . * - -. - . _ 1 . ... " -- " ." - . -. _ .
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d i (30)

I0

,...w

d2E
C (w + x - E C b 2 i + a(E - Eo ) 0 0, (31)

o w x + dX oadx

wviich on substitution for

V E- + i /a, (32)

y x + wo/b, (33)

50

a = 8a/Cb, (34)

.reduces to

d 2 .--- a y V =0.(3

B~y B~x- s~re esse! function, Eai. (35) can be so ved.

2
2aV dv 2 2 2 =(62 a v d V I V-'-

y y

A general solut. on of t.-Ls er:ior,.4, Js

.. .. . . . . . . . . . . . . . . .

..... ..... .... ..... ..... .... ..... ....
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* oa r a r
V y~ LC J (--- y C y (-yb (37)

I1 q/r r 2 q/r r

.th n = 0, r 1/2, &rd q = 0. T.erefo,-

V C ( a 1/2 y1/2 ( 1/2 y1/2 (38)

1/ / 2/2

were:J•( .1 y 1 and Ko( y :12 are zero order Bessel

functior_ -.

Under free corrosion conditions, the potential at the crack monuth fs

close to the free corrosion potential E , and the bourary conditions used.

are that

E E E at x =1, and I I at x 0.
0 C

In the general case where both w(x) and i(E) vary, putting i = 0 and with

oundary conditiors that E =E°  at x = and
0 C

- CWI d2d i I x 0 we have

1 t01

c t C W 12 a /2 2 1/2 1'23; . a K (a

00

S2 12 1/2 12

K.;y

K (a y I ta I y
0 0

or



where y =w/b and y =1+ w/b). This may be evaluated at y =yo to
0 0 100

give trie -otentiai at the crack tip as, -

c t C g w, (40)

0

wnere w. w. //w an wi anrd w are the crack widths at the mouth and crack-0 '0 ' --

2 . o<<

2hn

g (Iw --- ----- ----

*~~f-/ wi/ (/2 1/ lh2 1 2
2~ 0 -.-

2 Jo (r1 I/2 i
1

/1/2)oJ(( 1) [) -_ [[

1wF,-/2) I 1, 1/2 Ko 0 F- 1/2 w 1/2) E _

K o  1/2 w1/2 o 1/2)

K1 0 j) 0 (K 1  P 1 / 2 )  o (f-1 / 2  w 1/2 )
.,,

* aw ° m*
1 0

wnere y ---b2

Values of the parameter, Ecan be ootained directly frrn Eq. (32) using

a = dii/d or fron a lcxarith-.ic olot of current der'sity against potential,

from which a becom"es

di d {1o.
a ...... I (E) in (0)dE di E "..- -

According to our exxerirnt,

0.5 £ m)1 1  = 0.: -m (the crack width at point x)

•_.....:... . ........................................... , ... ,,.- ,J... :,..,..'.'.'/ .)_. ..'.,.
. . .. . . . . . . . . . .' - | i - - .. .. . . .
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w- 0.01 mn (the width of crack tip)

di 2
-.

da 10 A/Vm2 .

Value of g( F, W which can be obtaineu fron the calculation is

g( ', w ) 0.365.

The potential difference, that is, E - E = 0 can also be obtained using
C

29
t W)" If It is about 320 x I0-2 A/M2 , then

I 1<- .

t "
= 64 mV.• t C w .-'-.

0

!, Therefore,

I .1

= E - E -- - g , W I) = -64 x 0.365 = -23.36 mV
0

Accordi.jg to the calculation 0 23.36 rnV, an experimental value was W -W -

founed to be =35 -45 my. The real notential drop is l'arger than that

calculated by Eq. (39) but the difference between e-xperLnental and

calculated values is not large. Ore also might take account the

conductivity variation of electrolyte in the crack by substituting, Cw C W
0

+ PX, where the term in PX takes into account the variation of the product

*. *. ... . * * .-.

S.......:.. . . .
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0i

of conductivity. According to these calculations, the effect of the..'*... i

variation in crack width plays a significant role.

5. S . --y --''':

This Report is a brief discussion of a research program initially

furded in 1984 by the Office of Naval Research. Althomigh definitive answers

to the Y-any questions raised by SCC, CF, etc., re-ain riansered, the I
experimental studies described here offer a fresh approach to these

questions.---.-

0.
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